Purpose Understanding soil heterotrophic respiration in relation to microbial properties is not only fundamental to soil respiration modelling, prediction, and regulation through management, but also essential to interpreting microbial community dynamics from an ecologically meaningful perspective. This paper reviewed the recent advances in knowledge and proposed future directions for exploring the respirationmicrobe relationships by means of rDNA-or rRNA-based indices (i.e. rDNA copies, rRNA copies, and rDNA-or rRNA-based community structures).
Materials and methods
We first elucidated the theoretical basis for using rDNA-or rRNA-based indices to probe into soil microbial respiration. Then, the published studies that simultaneously measured soil microbial respiration and the rDNAor rRNA-based indices were synthesized, extracted, and analysed to further explore the respiration-microbe relationships. At last, the uncertainties and perspectives for establishing the respiration-microbe links were proposed and discussed.
Results and discussion The rDNA-or rRNA-based indices are theoretically promising for pinpointing the relationships between soil heterotrophic respiration and microbial properties. Our systematic review suggested that the correlations between bacterial rDNA copies and microbial respiration are inconsistent across studies, while the fungal and archaeal rDNA (or ITS) copies showed moderately positive and negative correlations with soil microbial respiration, respectively. Bacterial 16S rDNA-based community structures were significantly correlated with soil microbial respiration in some studies, but not in some short-term situations. Although rRNA copies are widely used as the proxies of microbial activity, no significant correlations between rRNA copies and soil microbial respiration have been found in previous studies. Bacterial 16S rRNA-based community structures were correlated well with the short-term responses of soil microbial respiration to rewetting or labile carbon amendments and clearly outperformed other rDNA-or rRNA-based indices. As respiration-microbe relationships can be affected by many factors, such as soil physicochemical properties and even the analysis methods of microbial indices, the 69 previous studies included in this review actually provided limited information on them, and the aforementioned results still need to be further confirmed in future studies. Conclusions and perspectives Overall, the relationships between soil microbial respiration and rDNA-or rRNA-based
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Introduction
Understanding the links between biogeochemical processes and their microbial drivers is not only fundamental to biogeochemical process modelling, prediction, and regulation through management, but also crucial to interpreting microbial community dynamics from the ecological perspectives (Graham et al. 2014; Bier et al. 2015; Graharni et al. 2016; Lindemann et al. 2016; Widder et al. 2016) . In recent decades, soil microbial respiration is the most frequently measured soil process due to its inseparable relationship with the global carbon cycle (Schlesinger and Andrews 2000; Bond-Lamberty et al. 2004; Schimel and Schaeffer 2012) , climate changes (IPCC 2013; Wang et al. 2014c ), soil quality (Lima et al. 2013; Paz-Ferreiro and Fu 2016) , and microbial activity (Blagodatskaya and Kuzyakov 2013; Che et al. 2016 ). In the past, ecologists usually attempted to understand and model the soil microbial respiration based on soil physical and chemical properties (e.g. soil moisture, temperature, and carbon availability) and some general microbial indices, such as microbial biomass carbon and nitrogen (Probert et al. 1998; Wang et al. 2003; Yuste et al. 2007) . However, success with these indices has been limited with sometimes controversial results, which could largely be caused by variability in the microbial community composition and metabolic vigour in different soils (Wang et al. 2003; Todd-Brown et al. 2013) . Consequently, there is a genuine need to determine the relationships between soil microbial respiration and the indices that can provide information on the soil microbial community composition and metabolic potency.
Currently, rDNAs and rRNAs have been proven to be the most powerful biomolecules for identifying microbial communities by virtue of their microbial ubiquity (Woese et al. 1990 ), phylogenetic consistency (Woese et al. 1990; Woese and Fox 1977; Hugenholtz et al. 1998) , and metabolic associativity (Blagodatskaya and Kuzyakov 2013; Blazewicz et al. 2013; Che et al. 2015) . Although the combination of the rDNA-or rRNA-based indices (i.e. rDNA copies, rRNA copies, and rDNA-or rRNA-based community structure) using modern molecular techniques has extensively enhanced our ability to evaluate the soil microbial community composition and metabolic vigour (e.g. Barnard et al. 2015; Zhang et al. 2016; Zifcakova et al. 2016) , it remains an open question whether the rDNA-and rRNA-based information can be linked to soil microbial respiration (Bier et al. 2015) .
In this paper, we first elucidate whether soil microbial respiration and the rDNA-or rRNA-based indices are theoretically related. Then, the recent studies that simultaneously measured soil microbial respiration and the rDNA-or rRNA-based indices are synthesized to assess the current knowledge of establishing the links between the soil microbial respiration and rDNA-or rRNA-based indices. Finally, the challenges, uncertainties, and perspectives for improved understanding of the relationships are proposed and discussed.
2 Theoretical relationships between soil microbial respiration and the rDNA-or rRNA-based indices
Soil microbial respiration
Microbial respiration is the aerobic or anaerobic biochemical process in which energy-containing compounds are oxidized to yield energy (Pell et al. 2005) . In most situations, soil microbial respiration is aerobic, and ecologists usually employ O 2 consumption or CO 2 production rates to determine the respiration intensity (Pell et al. 2005) . Therefore, in this paper, soil microbial respiration refers to the process in which soil microorganisms (i.e. bacteria, fungi, and archaea) uptake O 2 and release CO 2 to produce energy.
2.2 Ribosome, rRNA, rDNA, ITS, and the rDNAor rRNA-based indices Ribosomes are large ribonucleoprotein particles which function as the protein synthetic apparatus (Noller 1984 , Wittmann 1983 . As shown in Fig. 1 , the RNA components in the ribosomes are referred to as ribosomal RNA (rRNA), while the DNA sequences that code rRNA are commonly known as ribosomal DNA (rDNA). The rDNAs and rRNAs are usually named according to the sedimentation coefficients of the corresponding rRNAs, such as 16S rRNA and 16S rDNA (Fig. 1) . Both prokaryotic and eukaryotic rDNAs are polycistrons (Martin et al. 2003; Lewin 2004) , and the spacer DNA sequences between SSU rDNA and LSU rDNA are known as internal transcribed spacer (ITS, Fig. 1 ).
In this paper, the copy numbers and community structures based on rDNAs (or ITSes) and rRNAs are collectively described as rDNA-or rRNA-based indices. Here, microbial community structure refers to the proportions of different microbial lineages in a microbial community. As shown in Table S1 (Electronic Supplementary Material), the rDNA (or ITS) copies and rDNA-based community structure are respectively used to reveal the abundance and community composition of the total microbes. However, the rRNA copies and rRNA-based community structure are respectively employed to assess microbial activity and community composition of the potentially active microbes due to the following reasons. First, as the catalytic core of ribosome (Noller 1984 (Noller , 1991 , the cellular concentration of rRNA, should reflect the demand of protein synthesis. Second, in some pure cultures, rRNA cellular concentration correlates well with microbial growth rates (Kerkhof and Kemp 1999; Muttray and Mohn 1999; Perez-Osorio et al. 2010) . Finally, dormancy and decease of microorganisms usually are accompanied with rRNA degradation (Lahtinen et al. 2008; Segev et al. 2012) . Generally, rRNA copies and rRNA-based community structures are used to determine the microbial potential activity and potentially active community structures, respectively (Table S1 , Electronic Supplementary Material). Moreover, as ITS RNA only exists in rRNA precursors and usually quickly degrades during the cleavage of the rRNA precursors, ITS RNA-based indices may offer an even better means to identify the microbes which synthesize ribosomes and are thus likely to be metabolically active (Anderson and Parkin 2007; Baldrian et al. 2012) .
The rDNA or rRNA-based copy number are usually determined with real-time fluorescence quantification (qPCR) or digital PCR (dPCR, Kim et al. 2014) , while the rDNA-or rRNA-based community structures are usually analysed using next-generation sequencing (NGS), PCR-denaturing gradient gel electrophoresis (PCR-DGGE), terminal restriction fragment length polymorphism (T-RFLP), PhyloChip, or clone library. As most of these indices are measured with PCRbased methods, some indices (e.g. 16S rDNA copies) can be used to identify different microbial groups when different primer sets are used (Engelbrektson et al. 2010 ).
2.3
The theoretical relationships between soil microbial respiration and rDNA-or rRNA-based indices Because both soil microbial respiration and rDNA or rRNAbased indices reflect properties of all the microbial communities in soil, they may relate to each other. First, when soil microbes are in similar metabolic states, higher microbial abundance results in higher respiration. Hence, in this situation, the rDNA (ITS) copies should be positively correlated with soil microbial respiration. Second, cellular rRNA concentration and respiration reflect the demands for protein synthesis and energy production, respectively. As both the demands for protein synthesis and energy production are proxies of total metabolic activity (Blagodatskaya and Kuzyakov 2013; Che et al. 2016 ), the rRNA copies should be more closely correlated with microbial respiration than the rDNA copies. Third, phylogeny has been shown to be an ecologically meaningful approach to classify microbes (Martiny et al. 2013; Amend et al. 2016; Morrissey et al. 2016) , and some microbial lineages can be classified into copiotrophic and oligotrophic groups (Bernard et al. 2007; Cleveland et al. 2007; Fierer et al. 2007 ). In copiotrophic soils, the copiotrophic microbes are more competitive than their oligotrophic counterparts and can account for higher proportions. Similarly, in the oligotrophic soils, the oligotrophic microbes are more competitive and thus dominate. In most cases, the soil microbial respiration rates are higher under the copiotrophic conditions. Consequently, soil microbial respiration can also be reflected by the rDNA or rRNA-based microbial community structures. Therefore, the rDNA-or Fig. 1 rDNA, rRNA, ITS and ribosome. This picture was drawn based on the descriptions of Lewin (2004) . Only the classical arrangements of rDNAs and ITSes were shown, and the arrangements may vary in some microbial species rRNA-based indices are promising, at least in theory, for evaluating soil microbial respiration capacity.
However, there are still many issues in regard to the use of the rDNA-or rRNA-based indices to assess soil microbial respiration. First, the DNA-based indices target the total microbial community (Table S1 , Electronic Supplementary Material) and can provide little information on the microbial metabolic vigour. As only a small percentage of the microbes in soils are usually metabolically active (Lennon and Jones 2011; Blagodatskaya and Kuzyakov 2013) , it may be difficult to relate rDNA-based indices, especially the rDNA copies, to respiration. In addition, a recent review of the rRNA-based studies suggested that the correlations between cellular rRNA concentration and microbial growth rates may vary with different microbial species, and the relationships between rRNA-indices and microbial activity across different soils remain largely unknown (Blazewicz et al. 2013) . Furthermore, as an enzymatic process, soil microbial respiration is sensitive to a wide range of soil property changes, such as substrate availability, environment temperature, and pH variations (Evans and Wallenstein 2012; Wang et al. 2014c; Barnard et al. 2015; Stark et al. 2015) , which may also affect the relationships between soil microbial respiration and rDNA-or rRNA-based indices. Therefore, although rDNA-or rRNAbased indices are theoretically promising, there is still a need to explicitly investigate their relationships to microbial respirations at different metabolic states as influenced by edaphic and environmental conditions.
3 The observed relationships between soil microbial respiration and rDNA-or rRNA-based indices
Methods of the systematical review
To identify the publications related to both soil microbial respiration and soil microbes, we searched the ISI Core Collection online database (http://apps.webofknowledge. com) for papers published between 2000 and 2016, using respiration term with topic = BRespiration* OR Carbon mineralization* OR CO 2 OR Carbon dioxide^, microbe term with topic = BMicrob* OR Microorganism* OR Bacteria* OR Fung* OR Prokaryote*^, and soil term with topic = BSoil*^. The searching yielded 11,153 papers. We then restricted these papers to BDocument Type = ARTICLE^and BLanguage = ENGLISH^and yielded 10 ,408 papers. From this output, we analysed the abstract and found that there were 402 high-quality papers involving rDNA-or rRNA-based indices. Subsequently, we examined the full texts of the 402 papers according to the following criteria: (1) the study was based on experiment and (2) the study measured soil microbial background respiration and rDNA-or rRNA-based indices simultaneously. As a result, 69 papers were included in this review.
For each of the 69 papers, we recorded the following information: (1) soil locations and ecotypes; (2) experiment types, treatments, and duration; (3) targeted microbe domains and rDNA-or rRNA marker types; (4) molecular biological techniques; (5) response of soil microbial respiration and rDNAor rRNA-based indices; and (6) relationships between soil microbial respiration and rDNA-or rRNA-based indices.
In addition, we also extracted the rDNA (or ITS) copies, rDNA-based phylum relative abundance (based on 454 pyrosequencing) to further test their relationships to soil microbial respiration. All of these data were normalized using the minmax methods (X nor = (X − X min ) / (X max − X min )) to eliminate the operational impacts in different studies. The correlations between soil microbial respiration and rDNA (or ITS) copies or proportions of bacterial phylum were tested using the Pearson correlation with R software (R Core Team, 2016).
3.2 An overview of the studies which simultaneously measured soil microbial respiration and rDNAor rRNA-based indices
In total, 191 soil sampling locations were identified from the 66 papers (3 papers without site information). We analysed the 191 sampling sites and found that the studies were unevenly distributed around the world. As shown in the map (Fig. S1 , Electronic Supplementary Material), most studies were conducted in the USA and Europe, while other parts of the world remain rather poorly investigated. In addition, most of these sites were identified as forest (45.2 %), grassland (25.0 %), and cropland (18.9 %), whereas other ecosystem types (e.g. wetland, desert, and tundra) were only included in few studies.
These studies also showed apparently biased microbe domains targeted and techniques used (Fig. S2 , Electronic Supplementary Material). Bacteria were studied in almost all the publications, but fungi and archaea were only involved in 21 and 8 papers, respectively. Only six studies simultaneously determined bacterial, fungal, and archaeal indices. These studies were usually conducted using DNA-based PCR-DGGE, 454 pyrosequencing, qPCR, T-RFLP, clone library, or PhyloChip (e.g. Imparato et al. 2016 , Nazaries et al. 2015 , Placella et al. 2012 , Stark et al. 2015 , while only seven studies used the RNA-based methods (e.g. Pennanen et al. 2004; Barnard et al. 2015; Che et al. 2015) . Compared with the studies published before 2010, the studies published after 2010 paid much more attention to soil fungi and archaea and used more advanced techniques such as 454 pyrosequencing and qPCR, whereas the traditional techniques, such as PCR-DGGE, were much less employed (Fig. S2 , Electronic Supplementary Material).
These studies covered a wide range of soil conditions and managements including soil moisture (Evans et al. 2014; Barnard et al. 2015) , temperature (Peltoniemi et al. 2015) , organic substrates (Padmanabhan et al. 2003; Pennanen et al. 2004; Che et al. 2015) , fertilization (Ros et al. 2006; Ramirez et al. 2012; Andert and Mumme 2015) , contamination (Maila et al. 2005; Wakelin et al. 2010; Kaplan et al. 2014) , land management patterns (Nogueira et al. 2006 , Ramirez-Villanueva et al. 2015 , Xue et al. 2006 , and site conditions (Fierer et al. 2007; Tardy et al. 2015) . As it is usually difficult to exclude the influence of plant root respiration on soil microbial respiration measurement in field studies, laboratory incubation is the most commonly used approach (Barnard et al. 2015; Che et al. 2015) , and in some studies, laboratory incubation was combined with field manipulations (Nazaries et al. 2015 , Stark et al. 2015 or cross-site surveys (Fierer et al. 2007; Ramirez et al. 2012 ) to obtain better insights.
3.3 Correlations between soil microbial respiration and different rDNA-or rRNA-based indices 3.3.1 Soil microbial respiration and rDNA or ITS copies
The rDNA or ITS copies are widely used as proxies for microbial abundance (Table S1 , Electronic Supplementary Material). They are usually measured with real-time PCR using the absolutely quantitative methods. Among the 69 publications, 13 studies measured the rDNA or ITS copies; 13 studies measured bacterial 16S rDNA copies; 8 studies measured the fungal 18S rDNA, 28S rDNA or ITS copies; and only 2 studies measured the archaeal 16S rDNA copies. In theory, soil microbial respiration should be governed by all the microbes in soil, with different groups contributing differently depending on their abundance and metabolic vigor. However, only two studies simultaneously measured the total microbial abundance. As a result, we could only explore the relationships between soil microbial respiration and the abundance of individual microbial domains selectively measured in the studies.
Generally, the relationships between soil microbial respiration and bacterial 16S rDNA copies are highly dependent on the types of treatments or environmental conditions. Some studies detected positive correlations between bacterial 16S rDNA copies and microbial respiration across different sites site (Liu et al. 2012; Placella et al. 2012) or in response to different plant-derived substrate additions (de Graaff et al. 2010) . Conversely, our study found that 16S rDNA copies were negatively correlated with microbial respiration in the soils amended with different amounts of glutamate (Che et al. 2015) . Moreover, in other studies, bacterial 16S rDNA copies remained unchanged when soil microbial respiration showed dramatic variations in response to rewetting (Placella et al. 2012; Blazewicz et al. 2014; Barnard et al. 2015) , hydrochar amendments (Andert and Mumme 2015) , and temperature changes (Stark et al. 2015) . These inconsistencies may indicate that bacterial 16S rDNA copy number is not a good index to assess soil microbial respiration. This is further confirmed by the meta-analysis, which suggests there are no significant correlations between soil microbial respiration and bacterial 16S rDNA copies ( Fig. 2a , P = 0.842). Compared to the bacterial 16S rDNA copies, fungal and archaeal rDNA or ITS copies showed more consistent correlations with soil microbial respiration. Specifically, fungal rDNA or ITS copies were positively correlated with soil microbial respiration (de Graaff et al. 2010; Liu et al. 2012; Vogel et al. 2014) , while archaeal 16S rDNA copies showed a negative correlation (Andert and Mumme 2015; Barnard et al. 2015) . These relationships are also supported by the meta-analysis (Fig. 2b, c , P < 0.001).
As aforementioned, soil microbial respiration results from soil organic carbon decomposition by all the active microbes in soil. It seems inappropriate to relate soil microbial respiration to the abundance of individual domains. However, from another point of view, these correlations may reflect the survival capacities of bacteria, fungi, or archaea in the soils with different microbial respiration rates. Specifically, the positive correlation between soil fungal abundance and microbial respiration may indicate that fungi dominate or possess higher survival capacities in the soils with high soil microbial respiration. Indeed, many studies found that the fungal abundance increased when soils were amended with plant litters (de Graaff et al. 2010; Wang et al. 2014a; Wang et al. 2014b ). In contrast, the negative correlation for archaea may suggest that archaea prefer the soils with low microbial respiration capacity. Accordingly, the inconsistent correlations between the soil bacterial abundance and microbial respiration could be largely caused by variation in the composition of different soil bacterial communities. In addition, the variability in metabolic states (Lennon and Jones 2011) and genome 16S rDNA copy numbers (Vetrovsky and Baldrian 2013 ) of the soil bacteria should also contribute to the correlation inconsistencies.
As only few studies have been conducted to date, these relationships still need to be verified in future investigations, in particular, for the relationships between soil microbial respiration and the abundance of soil fungi and archaea. In addition, most existing studies examined only one or two microbial domains, and no studies have tested the relationships between soil microbial respiration and the abundance of microbial domains. Therefore, future investigations should also pay more attention to systematically understand the relationships between soil microbial respiration and abundance of bacterial, fungi, and archaea together.
Soil microbial respiration and rDNA or ITS-based microbial community structures
The rDNA (or ITS)-based microbial community structures are the most commonly measured rDNA-or rRNA-based indices (Table S1 , Electronic Supplementary Material). These indices are usually measured using PCR-DGGE, NGS, T-RFLP, clone library, and PhyloChip. As aforementioned, the NGS is increasingly used in the recent studies, which has largely enhanced the depth and accuracy of analysis. Among the 69 publications, 64 studies measured the rDNA or ITS-based microbial community structures, with 63 studies for bacteria, 17 studies for fungi, and 8 studies for archaea. Again, only five studies included all the microbial domains. The overall relationships between soil microbial respiration and rDNA or ITS-based microbial community structures can be tested using multivariable statistics such as the Mantel analysis (e.g. Che et al. 2015) , while the relationships between relative abundances of the specific microbial lineages and respiration are usually determined through the Pearson or Spearman correlation tests (e.g. Fierer et al. 2007 ).
Similar to the 16S rDNA copies, the relationships between bacterial 16S rDNA-based community structures and soil microbial respiration are not consistent across the studies. In most studies, the treatments eliciting microbial respiration changes could also significantly alter bacterial 16S rDNA-based community structures (Bier et al. 2015) . Some studies have even detected significant correlations between soil respiration and the bacterial community structures across different sites (Fierer et al. 2007 ), glutamate additions (Che et al. 2015) , moisture contents (Yuste et al. 2014) , land management practices (Orr et al. 2015) , litter quality , biomass burning (Goberna et al. 2012) , and seasonal or annual variations (Yuste et al. 2014; Orr et al. 2015) . In some shortterm studies, however, bacterial 16S rDNA-based community structures were unrelated to soil microbial respiration (Leff et al. 2012; Placella et al. 2012; Barnard et al. 2015) , which may be attributed to retarded responses of soil bacterial community composition to the changes in respirational activities of the whole microbial population and possible degradation of extracellular DNA (Levy-Booth et al. 2007; Morrissey et al. 2015) .
Most studies have only focused on the relationships between soil microbial respiration and the rDNA-based community structures of all bacteria, whereas the relationships between microbial respiration and specific bacterial lineages were only tested in three studies (Table 2 , Electronic Supplementary Material). In a cross-site investigation, Fierer et al. (2007) found that the relative abundance of Bacteroidetes and β-Proteobacteria was positively correlated with soil microbial respiration, while the Acidobacteria proportion was negatively correlated with soil microbial respiration. In a study on farmland management, Orr et al. (2015) found that the relative abundance of Firmicutes, Acidobacteria, and WS3 was negatively correlated with soil microbial respiration, while Actinobacteria were positively correlated with soil microbial respiration. Our meta-analysis showed that the relative abundance of Proteobacteria (r = 0.202, P = 0.035), Actinobacteria (r = −0.252, P = 0.008), and Firmicutes (r = −0.275, P = 0.008) was significantly but weakly correlated with the soil microbial respiration (Fig. 3) , while the relative abundances of other phyla showed no significant correlations with soil microbial respiration. The inconsistent correlations between the relative abundances of bacterial phyla or classes and soil microbial respiration could be a consequence of functional diversifications within lineages. As reported by Yuste et al. (2014) , even different genuses in the same phylum showed functional diversifications (Table S2 , Electronic Supplementary Material), which also suggested that the relationships between soil bacterial lineages and soil microbial respiration should be analysed at deeper taxonomic levels.
The relationships of soil microbial respiration with fungal rDNA or ITS-based community structures are similar to the bacterial community structures, but the correlations are usually weak (Yao et al. 2005; Goberna et al. 2012; Rieder and Frey 2013) . In some studies, fungal community structures were correlated well with soil microbial respiration in response to metal contamination (Wakelin et al. 2010; Liu et al. 2012) , Fig. 2 Correlations between soil microbial respiration and bacterial (a), fungal (b), or archaeal (c) rDNA or ITS copies. All the data were extracted from the published literature and were normalized using the min-max methods. ***P < 0.001 plant residue addition (Wakelin et al. 2010) , seasonal variations (Yuste et al. 2011) , and cross-site variations (Liu et al. 2012) . In some short-term studies, fungal community structures showed weak or even no correlations with soil microbial respiration (Qu and Wang 2008; Goberna et al. 2012; Rieder and Frey 2013; Pezzolla et al. 2015) . As only few studies analysed the archaeal 16S rDNA-based community structures, it is difficult to draw any conclusions. However, these studies at least suggested that the relationships between archaeal community structures and soil microbial respiration were not consistent across treatments and sites (Wakelin et al. 2010; Goberna et al. 2012; Li et al. 2015; Nazaries et al. 2015) . In addition, unlike 16S rDNA-based bacterial community structure, there are no studies testing the relationships between soil microbial respiration and fungal or archaeal lineages.
Soil microbial respiration and rRNA-based indices
As aforementioned, the rRNA-based indices should be more promising to understand the respiration-microbe relationships. However, there were only seven studies simultaneously determining the soil microbial respiration and rRNA-based indices. The rRNA copies are usually determined using reverse transcription qPCR. Although both rRNA copies (or concentration) and microbial respiration are widely used as proxies of total microbial activity (Table S1 , Electronic Supplementary Material), only three studies simultaneously measured them to date, with two studies on bacteria only (Placella et al. 2012; Barnard et al. 2015; Che et al. 2015) and one study on all the microbial domains (Barnard et al. 2015) . However, none of these studies detected significant correlations between rRNA copies and soil microbial respiration, which may indicate that the rRNA copies of only a single domain are not good indicators of the total microbial respiration. The absence of correlation between soil microbial respiration and rRNA copies can be caused by a number of factors. First, the relationships between microbial activity and cellular rRNA concentration may vary with different species (Blazewicz et al. 2013) , thus the differences in microbial community composition may contribute to the absence of relationships (Placella et al. 2012; Che et al. 2015) . Second, when a soil cannot provide all the nutrients that are required for the rRNA synthesis, microbes may increase the rRNA turnover rates rather than concentration to meet the higher demand for protein production (Che et al. 2015) . Third, technical issues, such as the variations in soil rRNA extracting efficiency, may distort the relationships between soil microbial respiration and rRNA copies (Blazewicz et al. 2013 ).
The rRNA-based community profiling methods are widely employed to identify the potentially active parts of soil bacteria, fungi, and archaea (Table S1 , Electronic Supplementary Material). However, the relationships between soil microbial respiration and the rRNA-based community structures are still far from well-understood. Currently, only seven studies simultaneously measured both, with five on bacteria only, two on both bacteria and fungi, and nil on archaea. As the relationships between soil microbial respiration and rRNA-based community structures in three studies (i.e. Castaldini et al. 2005; Bernard et al. 2007; Cesarz et al. 2013) were not clearly described, here we only report the results of the other four studies.
These four studies showed that the bacterial 16S rRNAbased community structures were correlated well with the short-term response of soil microbial respiration to rewetting and labile substrate addition, and clearly outperformed other rDNA-or rRNA-based indices (Pennanen et al. 2004; Placella et al. 2012; Barnard et al. 2015; Che et al. 2015) . These findings suggested that the bacterial 16S rRNA-based community structures are potentially robust indices to indicate soil microbial respiration. On the contrary, the only study involving rRNA-based fungal community structures did not find any significant correlations between soil microbial respiration J Soils Sediments (2016) 16:2698-2708 Fig. 3 Correlations between soil microbial respiration and the relative abundance of Proteobacteria (a), Actinobacteria (b), or Firmicutes (c). All the data were extracted from the published literature using 454 pyrosequencing and were normalized using the min-max methods. **P < 0.05; **P < 0.01 and fungal rRNA-based community structures (Barnard et al. 2015) . Although more studies are required to assess the possibilities of relating soil microbial respiration to the rRNAbased community structures, these studies point to a potentially promising direction to explore the soil respiration-microbe relationship.
As mentioned in BRibosome, rRNA, rDNA, ITS, and the rDNA-or rRNA-based indices^section, the ITS RNA-based indices can be employed to identify the microbes which are synthesizing rRNA and are thus more likely to be metabolically active. Although the ITS RNA-based indices have been used to identify the active fungi in a few studies (Anderson and Parkin 2007; Baldrian et al. 2012; Purahong and Krueger 2012) , their relationships with soil microbial respiration have never been determined. In addition to the rDNA-or rRNAbased indices, other molecular markers, such as gtlA (coding citrate synthase; Castro et al. 2012 ) and rpoB (coding RNA polymerase; Barnard et al. 2013) , can also be useful for assessing the soil microbial respiration capacity, due to their close relationships with microbial activity. However, their empirical relations to soil microbial respiration also need to be confirmed in future studies.
Knowledge gaps and uncertainties
As aforementioned, the relationships between soil microbial respiration and rDNA-or rRNA-based indices remain to be understood, and some significant knowledge gaps need to be addressed in future studies. First, although all of the 69 publications simultaneously measured both soil microbial respiration and rDNA-or rRNA-based indices, only 11 publications statistically tested the respiration-microbe relationships. Second, fungi and archaea play vital roles in soil microbial respiration, but only few studies tested fungal and archaeal indices. Third, most studies have only focused on the general relations between soil microbial respiration and rDNA-or rRNA-based community structures, using multivariate statistics, whereas the relationships between specific lineages and soil microbial respiration remain largely unknown. Fourth, rRNA-based indices, especially the rRNA-based microbial community structures, seem promising to underpin the soil microbe-respiration relationships; however, it is still difficult to draw any conclusions from the few existing studies. Fifth, soil properties can affect soil microbial respiration in both direct and indirect manners. There is still a paucity of knowledge on which soil property effects can be reflected by the rRNA-or rDNA-based indices and how soil properties affect the respiration-microbe relationships. Sixth, in these 69 studies, the microbial rDNA-or rRNA-based indices were analysed using various techniques (Fig. S1 , Electronic Supplementary Material). It has been well known that different molecular biological techniques, and even same techniques with different primer sets or bioinformatics analysis methods (Bru et al. 2008; Engelbrektson et al. 2010) , can dramatically influence the measurements of microbial indices and, thus, the respiration-microbe relationships. Therefore, these 69 studies may only provide limited information on the respiration-microbe relationships, and there is a genuine need to conduct more systematical studies using identical molecular biological techniques (e.g. MiSeq with same primer set). Finally, as all active microorganisms contribute to soil respiration, improved understanding of the relationship between soil respiration and rDNA-or rRNA-based indices would need to take into account the relative importance of different microbial domains or lineages under different soil and environmental conditions and land management practices.
Conclusions and perspectives
The rDNA-or rRNA-based indices are theoretically promising for linking soil microbial respiration and microbes. Through systematically analysing the recent publications that simultaneously measured soil microbial respiration and rDNA-or rRNA-based indices, we found that (1) rDNA copy number of an individual microbial domain is unlikely to be a good index for assessing the soil respiration capacity; (2) rDNA-or ITS-based community structures are significantly correlated with soil microbial respiration in most long-term studies, but not shortly following changes in soil conditions; (3) although rRNA copies are widely used as the proxies of microbial activity, there are no significant correlations between rRNA copies of a specific microbial domain and soil microbial respiration detected in the previous studies; and (4) bacterial 16S rRNA-based community structures can be correlated well with soil microbial respiration following rewetting or labile carbon amendments, outperforming other rDNA-or rRNA-based indices. This review also suggests that the relationships between soil microbial respiration and rDNA-or rRNA-based indices are still far from well understood to date. Future studies should pay more attention to address the following issues: (1) the correlations between soil microbial respiration and rDNA-or rRNA-based indices of all microbial domains should be statistically tested with more attention to fungus-, archaea-, and rRNA-related indices; (2) the relationships between the relative abundance of specific microbial lineages and the soil microbial respiration; (3) the effects of edaphic properties on relationships between soil microbial respiration and rDNA-or rRNA-based indices; and (4) the possibilities of using other promising molecular markers, such as the ITS, rpoB, and gtlA RNA, to assess soil microbial respiration capacity. As it is really difficult to compare the results from studies employing different molecular biological techniques, we suggest that future related studies should be systematically conducted using identical molecular biological techniques and primer set.
